A11102    15T00M 


RP270 

THE  TENSILE  PROPERTIES  OF  ALLOY  STEELS  AT  ELE- 
VATED TEMPERATURES  AS  DETERMINED  BY  THE 
"SHORT-TIME"  METHOD 

By  William  Kahlbaum,1  R.  L.  Dowdell,  and  W.  A.  Tucker 


ABSTRACT 

By  means  of  "short-time"  tension  tests  a  series  of  alloy  steels  has  been  tested 
at  different  elevated  temperatures.  The  proportional  limit  was  determined  in 
each  case.  The  materials  tested  were  a  plain  carbon  steel  and  commercial  alloys 
of  chromium,  vanadium,  and  iron  with  and  without  additions  of  tungsten,  silicon, 
or  aluminum;  also  chromium-tungsten,  nickel-molybdenum  and  several  austen- 
itic  steels  with  and  without  tungsten.  Metallographic  study  revealed  very  little 
intercrystalline  weakness  and  no  marked  or  significant  change  in  structure  result- 
ing from  the  high  temperature  tests.  The  addition  of  tungsten  increases  the 
"structural  stability"  of  the  austenitic  alloys.  Hardness  was  determined  as  a 
further  indication  of  tempering  which  might  have  occurred  during  the  heating. 
A  comparison  of  "short-time"  test  and  "flow  test"  for  pearlitic  and  austenitic 
steel  is  included. 
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I.  INTRODUCTION 

During  the  last  few  years  numerous  papers  have  been  published  on 
the  so-called  " short-time' '  tension  test  and  on  the  "long-time"  or 
"flow"  test  for  determining  the  tensile  properties  of  alloys  at  elevated 
temperatures.  Perhaps  the  main  reason  for  the  extensive  investiga- 
tions along  this  line  is  the  fact  that  many  types  of  industrial  installa- 
tions, such  as  steam  boilers,  turbines,  cracking  stills,  extrusion  liners, 
etc.,  are  being  gradually  forced  to  higher  working  temperatues  and 
pressures. 

At  present,  engineers,  in  general,  favor  the  "flow"  or  "creep  test 
for  evaluating  materials  which  must  withstand  service  conditions 
involving  continued  loading  at  high  temperatures,  since  this  test 

1  Research  associate,  The  Midvale  Co.,  Philadelphia,  Pa. 
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duplicates  to  some  extent  service  conditions.  The  tension  specimen 
is  maintained  under  constant  load  at  some  predetermined  tempera- 
tures for  a  long  period,  often  several  hundred  hours.  From  the  data 
thus  obtained,  the  stress  required  to  produce  a  definite  extension,  for 
example,  0.1  or  1.0  per  cent  in  1,000  hours  at  any  given  temperature 
can  be  calculated.  On  the  other  hand,  a  period  of  only  three  or  four 
hours  is  required  for  carrying  out  the  " short- time' ;  tension  test  at 
high  temperatures.  The  most  essential  part  of  this  test  is  the  deter- 
mination of  the  stress,  for  any  given  temperature,  at  which  the 
material  ceases  to  behave  elastically. 

The  information  available  on  the  correlation  of  results  from  short- 
time  and  from  flow  tests  is  rather  limited.  No  conclusions  that  short- 
time  tests  can  entirely  replace  flow  tests  are  warranted  on  the  basis 
of  available  information.  It  is  believed,  however,  that  a  large  amount 
of  valuable  prehminary  information  can  be  obtained  with  the  short- 
time  method  with  a  great  saving  of  time  in  the  study  and  development 
of  alloys  for  continuous  service  at  elevated  temperatures.  In  fact, 
since  the  advent  of  austenitic  alloys  for  service  at  elevated  tempera- 
tures there  is  still  more  reason  for  extended  flow  tests,  such  tests  to 
be  made  for  even  longer  periods  of  time  than  heretofore.  As  many 
austenitic  alloys  are  metastable  yet  sluggish  in  their  response  to  ther- 
mal treatment  at  temperatures  in  the  vicinity  of  1,200°  to  1,300°  F. 
(600°  to  700°  C.)  it  would  not  seem  advisable  to  determine  their 
characteristics  by  the  short-time  method  only. 

The  group  of  materials  reported  upon  in  this  paper  includes  both 
commercial  alloy  steels  and  some  special  alloys  which  had  been  made 
primarily  to  show  the  effects  on  the  tensile  properties  of  various  alloy- 
ing elements,  such  as  silicon,  chromium,  nickel,  vanadium,  tungsten, 
molybdenum,  and  aluminum. 

From  a  previous  investigation  2  results  were  available  on  the  char- 
acteristics, as  determined  by  the  flow  test,  of  three  of  the  alloys  used 
in  the  present  work.  These  have  been  included  in  the  present  report, 
and  form  the  basis  of  a  comparison  of  the  properties  of  identical  mate- 
rials as  determined  by  the  two  methods.  Two  of,  the  alloys  were 
austenitic  in  structure,  whereas  the  other  was  representative  of  the 
martensitic  class  of  this  group  of  alloy  steels. 

All  of  the  work  reported  here  was  carried  out  in  accordance  with  the 
research  associate  plan  3  in  cooperation  with  The  Midvale  Co.,  Phila- 
delphia, Pa.,  except  the  tests  with  the  plain  carbon  steel.  This  work 
was  done  by  E.  L.  Jones,  guest  worker  for  The  International  Combus- 
tion Engineering  Corporation,  New  York,  N.  Y. 

II.  PREVIOUS  INVESTIGATIONS 

A  very  extensive  bibliography  on  the  effect  of  temperature  on  the 
properties  of  metals  has  been  published.4  No  attempt  will  be  made 
in  this  report  to  give  a  detailed  resume*  of  the  previous  work  along 

s  H.  J.  French,  William  Kahlbaum,  and  A.  A.  Peterson,  Flow  Characteristics  of  Special  Fe-Ni-Cr  alloys 
and  some  Steels  at  Elevated  Temperatures,  B.  S.  Jour.  Research,  5,  (RP192)  p.  125;  1930. 

3  Bureau  of  Standards  Circular  No.  296. 

*  Bibliography  on  Effect  of  Temperature  on  the  Properties  of  Metals.  (Published  in  1928  by  the  A.  S. 
M.  E.,  29  West  Thirty-ninth  Street,  New  York  N.  Y.  This  is  now  being  brought  up  to  date.)  Compiled 
by  tho  Joint  Research  Committee  of  A.  S.  M.  E.  and  A.  S.  T.  M.  on  the  Effect  of  Temperature  on  the 
Properties  of  Metals. 
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this  line.  Some  investigators6  <*  7  s  9  10  j^ve  ^yen  gome  resuits 
from  short  time  tension  tests  and  of  flow  tests  of  the  same  materials. 
In  a  previous  bureau  report  "  the  results  of  other  investigators  were 
given  which  showed  that  there  were  marked  differences  in  the  flow 
characteristics  of  similar  steels  reported  by  different  laboratories. 
These  differences  depended  on  both  the  individual  set-ups  and  on  the 
interpretation  of  the  data. 

McVetty  and  Mochel  12  have  emphasized  the  extreme  care  which 
must  be  used  with  the  short-time  method  if  the  results  are  to  be  of 
value  as  well  as  the  necessary  refinements  in  the  design  of  furnace, 
control  of  temperature,  measurement  of  extension,  and  measurement 
of  stress.  Within  the  last  few  years,  an  optical  extensometer  having 
an  accuracy  of  measurement  of  approximately  0.000004  inch  has 
become  available.  With  such  an  instrument,  it  has  been  found  that 
the  apparent  values  of  the  proportional  limit  of  metals  are  considerably 
less  than  those  obtained  with  dial  types,  by  means  of  which  the  exten- 
sion can  be  read  only  to  about  0.0002  inch.  According  to  McVetty 
and  Mochel: 

A  change  in  the  accuracy  of  measurement  of  total  elongation  from  0.0002  inch 
to  0.000004  inch  reduces  the  apparent  value  of  proportional  limit  by  about  17 
per  cent  in  the  case  of  medium  carbon  steel  and  over  50  per  cent  in  the  case  of  the 
stainless  iron. 

The  present  tendency  in  both  the  short- time  and  flow  tests  of 
metals  is  toward  higher  sensitivity.  The  importance  of  extreme  pre- 
cautions of  this  kind  has  been  further  emphasized  by  McVetty.13 

III.  TEST  METHODS 

1.  SHORT-TIME   TENSION   TEST 

The  method  used  for  the  short-time  tension  tests  has  been  previously 
described  and  illustrated.14  All  of  the  tests  were  made  with  a  hydrau- 
lic machine,  and  the  elongations  were  measured  by  means  of  a  Mar- 
tens' extensometer  with  its  optical  lever  system  as  modified  by 
Tuckerman 15  and  as  described  in  Letter  Circular  No.  238,  issued  by 
the  Bureau  of  Standards. 

The  thermocouple  used  for  measuring  the  temperature  of  the  test 
bar  was  mounted  in  the  fillet  of  the  standard  0.505-inch  diameter  bar. 
Before  attempting  to  obtain  any  of  the  data  for  the  stress-strain  curve, 
the  furnace  was  held  at  the  desired  temperature,  by  manual  control, 

8  J.  H.  S.  Dickenson,  Some  Experiments  on  the  Flow  of  Steels  at  a  Low  Red  Heat  with  a  Note  on  the 
Scaling  of  Heated  Steels,  J.  Iron  &  Steel  Inst.,  106,  p.  103;  1922. 

6  H.  J.  French  and  W.  A.  Tucker,  Flow  in  a  Low-Carbon  Steel  at  Various  Temperatures,  B.  S.  Tech. 
Paper  No.  296,  p.  630;  1925. 

i  T.  D.  Lynch,  N.  L.  Mochel,  P.O.  McVetty,  The  Tensile  Properties  of  Metals  at  High  Temperatures, 
Proc.  Am.  Soc.  Tesiing  Materials,  25,  pt.  2,  p.  5;  1925. 

8  H.  J.  French,  Methods  of  Test  in  Relation  to  Flow  in  Steels  at  Various  Temperatures,  Proc.  Am.  Soc. 
Testing  Materials,  26,  pt.  2,  p.  7;  1926;  also  Eng.  News  Record,  97,  p.  22. 

9  A.  Pomp  and  A.  Dahmen,  Entwicklung  einer  abgekurtzen  plufverfahrens  zur  entmittlung  der  dauer- 
standfostigkeit  von  stahl  bei  erhohten  temperaturen,  Mitteil.  a.  d.  Kaiser- Wilhelm  Inst.  f.  Eisenforschung, 
Dusseldorf,  9,  No.  3,  1927;  also  Stahl  u.  Eisen,  47,  p.  414;  1927. 

10  L.  W.  Spring,  J.J.  Kanter,  "  Long-Time"  or  "  Flow"  Tests  of  Carbon  Steels  at  Various  Temperatures 
with  Particular  Reference  to  Stresses  below  the  Proportional  Limit,  Valve  World,  p.  260,  August,  1928; 
also  in  a  shorter  form  in  Proc.  Am.  Soc.  Testing  Material  28,  pt.  2,  pp.  80-116;  1928. 

11  H.  J.  French,  H.  C.  Cross,  and  A.  A.  Peterson,  Creep  in  Five  Steels  at  Different  Temperatures,  B.  S. 
Tech.  Paper  No.  362;  1928. 

12  P.  O.  McVetty  and  N.  L.  Mochel,  The  Tensile  Properties  of  Stainless  Iron  and  Other  Alloys  at  Ele- 
vated Temperatures,  Trans.  Am.  Soc.  Steel  Treat.,  11,  pp.  73-100;  1927. 

13  P.  Q.  McVetty,  Testing  of  Materials  at  Elevated  Temperatures,  Proc.  Am.  Soc.  Testing  Mate- 
rials, 28,  pt.  2,  p.  60;  1928. 

»  See  footnotes  8  and  11. 

»  Engineer  physicist,  Bureau  of  Standards. 
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for  a  period  of  two  hours.  The  temperature  variation  fromTthe 
center  to  the  extremities  of  the  gage  length  of  the  specimen  was 
approximately  13°  F.  (7°  C.)  It  was  possible  to  run  only  one  short- 
time  test  a  day  owing  to  the  necessity  of  exercising  extreme  care  in 
setting  up  and  adjusting  the  extensometer.  The  actual  duration  of 
the  average  test  was  about  one-half  hour.  The  accuracy  of  the 
extensometer  was  0.000004  inch  per  inch  of  extension  while  the  load 
measurements  were  accurate  to  within  one-half  of  1  per  cent. 

2.  "LONG-TIME"  TENSION  TEST— "FLOW"  TEST 

The  equipment  used  in  carrying  out  the  flow  tests  has  been  previ- 
ously described.16, 17  The  load  was  applied  by  weights  at  the  ends  of 
levers.  The  diameter  of  the  test  bar  was  0.250  inch  and  the  gage 
length,  2  inches.  A  shallow  groove  was  cut  close  to  the  fillet  at  each 
end  of  the  specimen,  in  which  was  secured  a  ring  of  platinum  wire 
(32  B.  &  S.  gage)  used  as  a  reference  mark  in  measuring  the  extension 
of  the  bar.  A  cathetometer  whose  smallest  direct  reading  was  0.00039 
inch  was  used  to  measure  the  distance  between  reference  marks  at 
periodic  intervals.  The  extension  was  calculated  in  inches  per  inch 
of  gage  length. 

The  automatic  temperature  controllers  on  the  furnaces  were 
actuated  by  means  of  thermocouples  located  close  to  the  furnace 
windings,  the  temperature  was  maintained  within  a  range  of  ±  10°  F. 
(±5.5°  C.).  . 

The  duration  of  the  flow  tests  was  from  300  to  400  hours,  and  from 
the  results  were  calculated  the  limits  of  stress  producing  a  total 
extension  or  "flow"  of  both  0.1  per  cent  and  1  per  cent  in  1,000  hours. 

IV.  MATERIALS 

A  wide  variety  of  ferrous  alloys  was  tested.  The  chemical  compo- 
sition and  treatment  of  these  alloys  are  given  in  Table  1.  The  plain 
carbon  steel  (0.45  per  cent  carbon)  listed  is  typical  of  material  widely 
used  for  boiler  drums  in  steam  power  plants.  The  remainder  of  the 
alloys  were  made,  treated,  and  analyzed  by  The  Midvale  Co.  with  the 
exception  of  the  two  foreign  alloys,  FS-1  and  FS-2.  The  list  of 
alloys  covers  a  rather  wide  range  of  composition,  and  they  were  made 
up  primarily  to  show  the  effects  of  various  alloying  elements  on  the 
tensile  properties  at  elevated  temperatures  as  measured  by  the  short- 
time  method.  All  of  the  alloys  were  in  the  wrought  condition,  either 
forged  or  rolled,  after  which  operation  many  had  been  heat-treated 
as  shown  in  Table  1. 

i»  See  footnote  6,  p.  201.  17  See  footnote  11,  p.  201. 
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V.  RESULTS 

1.  GENERAL 


The  tensile  properties  of  all  of  the  materials  as  determined  by  the 
short- time  testing  method  are  given  in  Table  2.  Stress-strain  curves 
for  a  number  of  representative  alloys  of  different  composition  are 
given  in  Figures  1  to  11,  inclusive.  Figure  12  shows  a  comparison  of 
the  results  of  those  alloys  for  which  both  proportional  limits  from  the 
short-time  tension  tests  and  the  flow  characteristics  were  available. 
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Figure  1.- 


-Stress-strain  curves  of  medium  carbon  steel  (boilerdrum)  tested 
tension  at  different  temperatures 


Table 

2. — Tensile  properties 

of  materials  tested  in 

Table  1  at  different  temperatures 

Designation 

Specimen  No. 

Test 
tempera- 
ture 

Proportional 
limit 

Tensile 
strength 

Elonga- 
tion in  2 
inches 

Reduc- 
tion of 
area 

Brinell 

hardness 

No. 

r  V-4-A 

o  F 
600 
650 
700 
750 
800 
600 
650 
700 
750 
800 

70 

70 

550 

550 

800 

800 

1,000 

1,000 

1,200 

Lbs. /in.  2 
16,  500 

15,  500 

16,  500 
15,  000 
12,000 
17,000    ' 
15,000 
15,  500 
14,000 
11,  000 

32,  500 
30,000 
24,000 
22,  500 
18,500 
17, 750 

6,000 

4,400 
500 

Lbs./in} 
78,700 
75,850 
74, 000 
68,500 
62,  250 
80,  000 
77,500 
71,500 
66,000 
67,000 

84,250 
82,  250 
80,  500 
75,000 
73,750 
73,750 
39.000 
40,000 
26,  750 

Per  cent 
22.0 
21.5 
24.0 
23.5 
23.0 
27.0 
26.0 
22.0 
26.5 
24.0 

33.0 
31.0 
22.5 
27.0 
26.5 
25.0 
36.5 
37.5 
4L0 

Per  cent 
24.8 
38.9 
44.5 
51.7 
50.8 
38.1 
42.7 
48.8 
53.0 
49.1 

68.2 
70.8 
66.8 
69.8 
68.8 
67.7 
88.3 
85.1 
92.8 

0) - 

<A-4  C 

j  \^-j3" " 

I  \-4-E 

4 

fA-106-A 

A-106-B 

|A-106-i5"""-- 

[A-106-E. 

(T-19  

170 

10-518,  lot  A 

T-ll 

T-121 

i  Specimens  of  the  first  group  of  steel  No.  4  were  transverse  test  specimens. 

*  Specimens  of  the  second  group  of  steel  No.  4  were  longitudinal  test  specimens. 
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Table  2. — Tensile  properties  of  materials  tested  in  Table  1  at  different  tempera- 
tures— Continued 


Designation 


Specimen  No. 


Test 
tempera- 
ture 


Proportional 
limit 

Tensile 
strength 

Elonga- 
tion in  2 
inches 

Reduc- 
tion of 
area 

Lbs. /in.2 

Llbs./in* 

Per  cent 

Per  cent 

63,500 

100,  650 

27.0 

66.1 

58,  500 

102,  500 
91,500 
83,  750 
61,  500 
51,000 

27.5 
21.0 
24.0 
27.5 
30.0 

66.8 
68.2 
68.6 
80.4 
87.5 

40,  000 

21,  500 

8,750 

8,375 

600 

37,  250 

32.0 

91.6 

66, 000  E.  L.3 

111,  500 

21.2 

52.2 

25,000 

90,000 

23.5 

62.7 

25,000 

88,500 

24.0 

62.2 

16,500 

79,  500 
80,000 

25.0 
25.0 

66.5 
66.5 

18,000 

9,800 

63,000 
62,  500 

31.5 
30.0 

79.6 
79.2 

10,500 

2,000 

52,000 

25.0 

78.5 

4,000 

47,  500 

27.5 

83.2 

75,  000  E.  L.3 

122,  000 

21.2 

53.1 

28,  000 

99,000 

25.0 

63.0 

50,000 

92,300 

24.5 

59.3 

24,000 

85,000 

28.0 

71.3 

24,000 

81,500 

30,0 

73.7 

18,000 

65,000 

32.0 

82.2 

16,000 

63,000 

31.5 

80.1 

8,000 

*  44,  000 

33.5 

85.8 

8,000 

53,000 

29.0 

86.3 

66,  000  E.  L.3 

104,  500 

17.7 

34.4 

29,000 

89,000 

21.5 

54.0 

30,000 

89,  500 

21.5 

54.3 

24,000 

82,200 

22.5 

59.6 

22,000 

78,500 

23.5 

62.7 

13,000 

68,000 

28.0 

74.1 

8,500 

50,500 

32.5 

83.7 

9,000 

48,000 

33.0 

84.9 

152.  000  E.  L.3 

201,000 

15.0 

52.  B 

32,  500 

113,  500 

15.0 

56.4 

96,  000  E.  L.3 

132,  000 

17.0 

52.0 

28,000 

84,000 

22.0 

73.4 

75,800 

227,  800 

8.0 

17.5 

44,000 

163,400 

6.0 

11.4 

46,300 

159,  400 

6.5 

11.4 

70,  000  E.  L.3 

153,  000 

12.0 

36.9 

21,000 

95,000 

15.0 

49.1 

13,500 

73,000 

21.5 

66.5 

126,  000  E.  L.3 

156,000 

17.0 

59.4 

52,500 

123,000 

16.5 

61.1 

52,500 

132,000 

15.0 

57.5 

35,000 

109,500 

17.5 

69.7 

34,000 

111,  500 

17.0 

68.3 

12,000 

98,000 

20.0 

75.6 

96, 000  E.  L.3 

135,  500 

17.6 

54.9 

42,000 

110,500 

16.5 

57.5 

39,000 

113,000 

16.0 

55.6 

32,000 

101,000 

17.0 

61.5 

30,000 

101,000 

16.5 

63.5 

9,000 

86,  250 

17.5 

70.7 

9,000 

87,000 

18.0 

72.0 

108,  000  E.  L.s 

135,500 

17.0 

40.7 

109,  500  E.  L.s 

140,000 

17.2 

38.5 

42,500 

122,  500 

16.0 

35.0 

30,000 

106,500 

19.0 

54.1 

22  000 

107,000 

20.0 

52.5 

13,000 

79,  250 

25.0 

66.8 

4,700 

64,000 

29.0 

74.1  ' 

2,250 
2,000 

41  250 

32.5 

84.5 

38,250 

35.0 

85.9 

Brinell 

hardness 

No. 


10-518,  lot  B. 


EE1455. 


EE1456. 


EE1454. 


E3226 


[Lot  A. 
[Lot  B. 


HFl/45,lot  A. 
HF1/45,  lot  B. 

8/1317,  lot  A.. 


8/1317,  lot  B. 


E2457. 


fT-261.. 
T-3109. 
T-3104. 
T-253-. 
T-276.. 
T-257. . 
T-290.. 


S-3504-1. 
.S-350£-2~ 


F-l/45-3. 
F-l/45-4. 


F-l/45-1. 
F-l/45-2. 


>  F. 

70 

70 

550 

800 

1,000 

1,000 

1,200 

70 

850 

850 

950 

950 

1,050 

1.050 

1,200 

1,200 

70 

850 

850 

950 

950 

1,050 

1,050 

1,200 

1,200 

70 

850 

850 

950 

950 

1,050 

1,200 

1,200 

70 
1,000 

70 
1,000 

70 
1,000 
1,000 

70 
1,000 
1,150 


900 

900 

1,000 

70 
800 
800 
900 
900 
1,000 
1,000 


70 

70 

700 

950 

950 

1,015 

1,075 

1,200 

1,200 


3  Elastic  limit  determined  by  The  Midvale  Co. 

*  Tensile  specimen  was  piped  which  resulted  in  a  low  tensile  strength  value. 
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Table  2. — Tensile  properties  of  materials  tested  in   Table  1  at  different  tempera- 

i  arcs — Continued 


Designation 

Specimen  No. 

Test 

tempera- 
ture 

Proportional 
limit 

Tensile 
strength 

Elonga- 
tion in  2 
inches 

Reduc- 
tion of 
area 

Brinell 

hardness 

No. 

f    . 

°  F. 

70 
1,500 
1,500 

70 
990 
990 
1,200 
1,200 
1,360 
1,360 

70 
990 
990 
1,200 
1,200 
1,360 
1,360 

70 
990 
990 
1,200 
1,200 
1,200 
1,360 
1,360 

70 
990 
990 
1,200 
1,200 
1,200 
1,360 
1,360 
1,360 
1,360 

Lbs. /in* 
45. 000  E.  L.3 
3,600 
3,900 

68, 000  E.  L.3 

28,000 

28,000 

9,000 
11,000 

5,000 

6,000 

54, 000  E.  L.3 
28,000 
26, 000 

8,000 

9,000 

4,500 

6,000 

63, 000  E.  L.3 

29,000 

30,000 

9,000 
14,000 
12,000 

6,500 

5,500 

57,  500  E.  L.3 
27,000 
27,  000 
9,800 
12, 000 

i,~66o 

800 

Pbs./in.2 
108,000 
30,000 

Per  cent 
24.2 
29.0 

Per  cent 
43.7 
53.0 

186 

7990 

[ 

100,000 
83,500 
85,500 
60,000 
64,000 
38,000 
41,500 

99,500 
83,500 
87,000 
59,500 
62,300 
37,  500 
37,500 

112,  500 
98,000 
97, 000 
78,500 
72,  500 
70,000 

46,  500 

47,  500 

110, 000 
95, 000 
97,000 
79,000 
76,000 
66,000 
48,000 
50,  500 
46,500 
45,000 

33.0 
21.5 
24.5 
18.5 
19.0 
26.0 
22.5 

33.0 
21.5 
22.0 
22.5 
20.5 
24.5 
27.5 

30.0 
23.5 
24.0 
15.0 
13.0 
11.0 
10.0 
13.5 

31.0 
25.0 
28.0 
16.5 
15.5 
14.0 
13.0 
12.-5 
12.5 
12.5 

fti.1 

31.4 
35.3 
37.5 
34.0 
50.3 
49.7 

47.7 
30.7 
34.7 
37.5 
37.5 
49.7 
54.4 

36.9 
28.1 
27.1 
21.9 
21.2 
18.4 
16.9 
24.7 

51.6 
22.6 
29.8 
21.2 
21.9 
19.1 
23.0 
20.5 
20.0 
21.2 

181 

1 

10 

FS-2,  lot  A 

2 

6 

8 

172 

3 

10 

5 

9  .           .     

FS-2,  lot  B 

2 

207 

8 

10 

FS-1,  lot  A._ 

9 

2 

4 

3 

1 

200 

2 

3 

7 

8 

FS-1,  lot  B 

9 

5 

6 

11 

4 

3  Elastic  limit  determined  by  The  Midvale  Co. 

2.  MICROSTRUCTURE 

e  Any  marked  decrease  in  mechanical  strength  of  alloys  used  con- 
tinuously at  elevated  temperatures  is  usually  reflected  in  the  changed 
microstructure  of  the  material.  " Structural  stability"  at  high  tem- 
perature is  of  paramount  importance  in  determining  the  usefulness 
of  materials  for  such  service.  The  microstructure  of  each  of  the 
alloys  before  and  after  testing  was  determined.  In  addition,  the 
hardness  was  determined  as  a  further  indication  of  tempering  which 
might  have  occurred  during  the  heating  The  results  of  the  hardness 
tests  are  summarized  in  Table  3  and  the  structures  of  the  different  alloys 
(except  the  plain  carbon  steel)  are  given  in  Figures  13  to  18,  inclu- 
sive. The  samples  representative  of  the  structure  of  the  short-time 
test  bars  before  heating  were  taken  from  the  extreme  butt  ends  of 
the  tension  bars  (figs.  13,  14,  15,  and  16)  after  the  completion  of  the 
short- time  test.  The  temperature  at  the  ends  of  these  bars  was  ap- 
proximately 500°  F.  lower  than  at  the  gage  length  of  the  bars  and  was 
assumed  to  be  without  effect  on  the  original  structure.  In  the  case 
of  Figures  16  and  17,  the  samples  were  taken  from  the  butt  ends 
of  tension  bars  which  had  not  been  heated  above  room  temperature. 
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The  samples  representative  of  the  alloys  after  heating  (figs.  15  to 
17)  were  taken  at  the  center  of  the  gage  length  of  the  bar  close  to  the 
fracture  in  the  case  of  the  short-time  tests  and  from  a  corresponding 
position  (center  of  gage  length)  from  the  bars  used  in  the  flow  tests. 
These  latter  bars  were  in  the  unfractured  condition. 


Table  3. — Hardness  of  the  alloys  used,  before  and  after  testing 


Temperature 

Type 

of 
test 

Rockwell  hardness 

Designation  of  steel 

of  test 

Before  test 

After  test 

Compare 
figure  and 
micrograph 

°F. 

°C. 

B 

C 

B 

C 

10-518,  lot  A     

1,000 
1,000 
1,200 
1,200 
1,200 

1,000 
1,000 
1,000 
1,150 
1,000 

1,000 
1,000 
1,200 
1,500 

/  1,  360 
\  1,360 
f  1,360 
I  1,360 

/  1,360 
\  1,360 
f  1,360 
\  1,360 

540 
540 
650 
650 
650 

540 
540 
540 
620 
540 

540 
540 
650 
815 

738 
738 
738 
738 

738 
738 
738 
738 

Si 
S 

s 
s 
s 

s 
s 
s 
s 
s 

s 
s 
s 
s 

L2 

s 

L 

s 

L 

S 
L 

S 

87 
95 

ioi~ 

98~ 

91 
95 
86 
93 

93 

97 
87 
91 

28~ 
25 

36 
26 
46 
36 
42 

33 
29 
31 

90 
90 

99" 

93~ 

83 
90 
79 
91 

85 
94 
85 
96 

26" 
25 

35 
26 
46 
33 
31 

33 
28 
27 

Fig.  14,  a,  b. 

10-518,  lot  B      

Fig.  14,  c,  d. 

EE1455 

Fig.  13,  c,  d. 

EE1456 

Fig.  13,  e,  f. 

EE1454.   

Fig.  13,  a,  b. 

E3226,  lot  A               

Fig.  14,  e,  f. 

E3226,  lot  B          

Fig.  14,  g,  h. 

HF  1/45,  lot  A      

Fig.  15,  a,  b. 

HF  1/45,  lot  B 

Fig.  15,  c,  d. 

HF  1/45,  lot  B 

Fig.  15,  e,  f. 

8/1317,  lot  A             

Fig.  16,  a,  6. 

8/1317,  lot  B                 

Fig.  16,  c,  d. 

E2457 

Fig.  16,  e,  f. 

7990 

Fig.  16,  g,  h. 

FS-2,  lot  A 

Fig.  17,  a,  b. 

FS-2,  lot  B 

Fig.  17,  c,  d. 
Fig.  17,  e,  f. 

FS-1,  lot  A.    

Fig.  17,  g,  h. 
Fig.  18,  a,  b. 

FS-1,  lot  B 

Fig.  18,  c,  d. 
Fig.  18,  e,  f. 

Fig.  18,  g,  h. 

'S,"  short-time  test. 


L,"  long-time  or  flow  test. 


VI.  DISCUSSION 

The  decided  advantage  of  alloy  steels  over  plain  caibon  steel 
for  withstanding  a  load  at  elevated  temperatures  is  very  evident 
from  the  foregoing  results.  The  proportional  limit  at  elevated  tem- 
peratures of  the  carbon  steel  used  was  very  much  lower  than  that 
of  any  of  the  alloy  steels  used  at  the  corresponding  temperature, 
and,  furthermore,  when  stressed  beyond  the  proportional  limit,  the 
rate  at  which  the  stress-strain  curve  for  the  alloy  steels  deviated  from 
a  straight  line  was  much  less  than  in  the  case  of  the  carbon  steels. 

It  is  of  interest  to  note  in  the  two  lots  of  chromium-vanadium 
steel  (heat  10-518)  which  had  been  heat-treated  differently  so  as  to 
produce  a  decided  difference  in  their  tensile  properties,  as  determined 
under  ordinary  conditions,  that  a  marked  difference  in  their  tensile 
properties  was  maintained  at  temperatures  up  to  800°  to  1,000°  F. 
(425°  to  540°  C).  However,  at  the  highest  temperature  used,  1,200° 
F.  (650°  C),  the  properties  of  the  two  lots  were  nearly  the  same  nor 
was  there  any  marked  difference  in  the  characteristics  with  respect  to 
"flow." 

The  addition  of  tungsten  to  a  chromium-vanadium  steel  in  amounts 
of  approximately  1.5  per  cent  raised  the  proportional  limits  of  the 
steel  at  elevated  temperatures.     No  marked  improvement,  however, 
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FlGTJRE  2. — Stress-strain  curves  of  chrominum-vanadium  steel  tested  in 
tension  at  different  temperatures 
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Figure  3. — Stress-strain  curves  of  chromium-vanadium  steel  containing  tung- 
sten tested  in  tension  at  different  temperatures 
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resulted  from  the  use,  in  addition  to  the  tungsten,  of  another  alloying 
element,  such  as  silicon  or  aluminum. 

A  comparison  of  the  two  lots  of  the  chromium- tungsten   steel 
(heat    HFl/45)    containing   0.44   per  cent    carbon,    7.35    per    cent 
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Figure  4. — Stress-strain  curves  of  chromium-vanadium  steel  containing  silicon 
and  tungsten  tested  in  tension  at  different  temperatures 

chromium,  and  7.94  per  cent  tungsten  is  of  some  interest.  The 
material  of  lot  A  had  a  proportional  limit  at  1,000°  F.  (540°  C.)  which 
was  about  100  per  cent  higher  than  that  of  lot  B  due  to  the  fact  that 
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Figure  5. — Stress-strain  curves  of  chromium-vanadium  steel  containing  alu- 
minum and  tungsten  tested  in  tension  at  different  temperatures 

the  former  had  been  water  quenched  before  tempering  at  1,200°  F. 
(650°  C.),  whereas  lot  B  was  normalized  before  tempering  at  1,200° 
F.     Likewise,  lots  A  and  B  of  the  nickel-chormium-molybdenum 
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Figure  6. — Stress-strain  curves  of  chromium-tungsten  steel  tested  in  tension 
at  different  temperatures 
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steel  (heat  8/1317)  containing  0.32  per  cent  carbon,  2.35  per  cent 
nickel,  0.62  per  cent  chromium,  and  0.31  per  cent  molybdenum  showed 
different  characteristics  as  determined  by  the  short-time  test.  Lot  A 
was  quenched  in  oil  before  tempering  while  lot  B  was  not.  This 
difference  in  quenching  resulted  in  higher  proportional  limits  for  lot 
A,  especially  at  temperatures  up  to  900°  F.  (480°  C).  The  proper- 
ties of  the  high  chromium-nickel  steel  (heat  E-2457)  containing  0.39 
per  cent  carbon,  1.50  per  cent  silicon,  10.5  per  cent  chromium,  1.61 
per  cent  nickel,  and  1.50  per  cent  aluminum  were  not  very  different 
from  those  of  the  nickel-chromium  steel  just  mentioned.  This  is 
supported  by  the  results  of  a  previous  publication  18  in  which  it  was 
found  that  Fe-Cr-Ni  alloys  low  in  nickel  had  low  resistance  to  flow 
at  elevated  temperatures. 
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Figure  8. — Stress-strain  curves  of  nickel-chromium  steel  containing  aluminum 
^tested  in  tension  at  different  temperatures 

The  nickel-chromium-tungsten  alloy  (heat  7990)  containing  0.53 
per  cent  carbon,  26.0  per  cent  nickel,  14.8  per  cent  chromium,  and 
2.93  per  cent  tungsten  was  tested  at  1,500°  F.  (820°  C),  and  showed 
the  highest  proportional  limit  of  all  the  alloys  tested.  This  alloy 
was  quenched  in  water  from  1,835°  F.  (1,000°  C.)  and  was,  therefore, 
largely  austenitic.  In  this  respect  it  was  similar  to  the  other  nickel- 
chromium  alloys  (heat  FS-2)  containing  0.28  to  0.32  per  cent  carbon, 
11.12  to  12.93  per  cent  chromium,  and  34.9  to  35.9  per  cent  nickel, 
and  the  nickel-chromium-tungsten  alloys  (heat  FS-1)  containing  0.19 
to  0.20  per  cent  carbon,  10.28  to  10.34  per  cent  chromium,  57.40  to 
57.60  per  cent  nickel,  and  3.19  to  3.30  per  cent  tungsten.  The 
latter  alloys  gave  nearly  the  same  properties  in  both  the  short- 
time  and  flow  tests  at  temperatures  of  1,200°  and  1,360°  F.  (650°  and 
738°  C).     These  alloys  have  a  strong  tendency  to  retain  austenite 

ls  See  footnote  2,  p.  200. 
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at  both  room  and  elevated  temperatures,  hence,  their  properties  are 
not  influenced  greatly  by  previous  heat  treatments,  such  as  annealing 
or  quenching. 

In  expressing  relative  merits  of  steels  intended  for  service  at  high 
temperatures,  the  stress  required  for  causing  a  total  "flow"  or  exten- 
sion of  1  per  cent  or  of  0.1  per  cent  at  any  given  temperatures  in  1,000 
hours  is  commonly  used.     This  has  been  done  in  Figure  12  which  shows 

Heat  no.  7990.  co.53,  mn  lss.  si  o.96.  ni  26.00.  cr  i4.eo,  w  2.93. 

FORGED-ROLLED  BAR.    I835°F  -  l£  HR.  WATER. 


— 10.0002|— 

Strain-  inches  per  inch 

Figure  9. — Stress-strain  curves  of  nickel-chromium- 
tungsten  alloy  with  high  nickel  and  chromium  con- 
tents tested  in  tension  at  1,500°  F.  (815°  C.) 

a  comparison  of  the  tensile  properties,  as  determined  by  the  short-time 
tension  test  and  by  the  flow  test,  of  two  general  classes  of  steel  at 
elevated  temperatures.  The  chromium-vanadium  steel  heat  treated 
in  two  different  ways,  has  been  used  as  an  example  of  one  class,  the 
pearlitic ;  the  steels  of  high  alloy  content  as  representative  of  the  aus- 
tenitic  class. 

The  question  is  often  asked  whether  the  short-time  test  can  be  used 
to  replace  the  long,  tedious,  and  expensive  flow  test.     It  will  be  noted 

30894°— 31 3 
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(fig.  12)  that  in  the  case  of  the  chromium-vanadium  steels  tested  at 
550°  F.  (285°  C),  the  lowest  of  the  elevated  temperatures  used,  the 
results  indicated  good  agreement  between  the  proportional  limit  deter- 
mined at  this  temperature  and  the  stress  required  to  produce  0.1 
per  cent  elongation  at  this  same  temperature  in  1,000  hours.  This 
relationship  did  not  hold  at  higher  temperatures  up  to  1,200°  F., 
however.  The  proportional  limit  determined  by  the  short-time 
test  at  any  given  temperature  was  considerably  higher  than  the 
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stress  required  to  cause  an  extension  of  1  per  cent  at  that  temperature 
=^>m  M00  hours.  f  At  the  highest  temperature  used,  1,200°  F.  (650°  C), 
the  stress  required  for  1  per  cent  extension  in  1,000  hours  was  only 
very  slightly  higher  than  that  required  for  an  extension  of  0.1  per  cent 
and  neither  value  differed  appreciably  from  the  proportional  limit 
at  this  temperature. 

In  the  case  of  the  austenitic  steels,  the  agreement  between  the  results 
of  the  two  tests  was  even  less  consistent.     For  one  of  the  alloys  used 
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(FS-l)  the  proportional  limit  at  990°  F.  (530°  C.)  determined  by  the 
short-time  test  could  be  used  to  indicate,  at  least  approximately,  the 
stress  which  would  result  in  an  extension  of  0.1  per  cent  in  1,000  hours. 
For  the  other  austenitic  alloy  at  the  same  temperature,  however, 
conditions  were  reversed.  In  this  case,  the  proportional  limit  indicated 
the  stress  which  would  result  in  an  extension  of  1  per  cent  in  1,000 
hours. 
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It  is  evident  from  Figures  13,  14,  and  15  that  there  was  no  notice- 
able change  in  the  structure  caused  by  the  heating  during  the  test 
period.  In  these  cases,  however,  the  temperature  of  testing  was 
well  below  the  temperature  of  the  previous  tempering  treatment 
given  these  steels.  (Table  1.)  In  most  cases  the  material  after 
testing  was  somwhat  laminated  in  structure  which  may  have  been 
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SHORT-TIME  TEST. 
LIMIT  OF  PROPORTIONALITY 
AT   TEMPERATURES  CT) 
INDICATED.    (E.L.- ELASTIC 
LIMIT  WHICH   WAS   USED 
IN  SOME  CASES) 


CREEP  TEST. 


§    LIMITS  OF  STRESS   PRODUCING 
^   0.1  %  TO  135  TOTAL  FLOW   IN 
§    1000  HOURS  AT  TEMPERATURES 
^  (°F)   INDICATED 

0.1%^  ■        ' 


10-518 


FS-2 


FS-I 


HEAT 

LOT       A  B  A  B  A  B 

Figure  12. — Comparison  of  the  results  of  "short-time"  and  "long-time"  or 

creep  tests  of  steels  of  the  pearlitic  and  austenitic  class 
See  Figures  2,  10,  and  11. 
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Figure  13. — Structure  of  chromium-vanadium-tungsten  steel  before  and  after 

testing  in  tension  at  1,200°  F.   (650°   C.)   by  the  "short-time"  method. 

X  500 

A,  C,  E,  initial  condition;  B,  D,  F,  after  testing.  (See  Table  3.)  A,  B,  chromium-vanadium- 
tungsten  steel  containing  aluminum.  (Heat  EE  1454,  Table  1.)  C,  D,  chromium-vanadium- 
tungsten  steel  containing  silicon.  (Heat  EE  1455,  Table  1.)  E,  F,  chromium-vanadium-tung- 
sten steel.  (Heat  EE  1456,  Table  1.)  The  etching  reagent  used  on  the  specimens  shown  here 
and  in  succeeding  figures  was  aqua  regia  in  glycerin. 
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Figure  i  i.     structure  of  chromium-vanadium  steel  and  of  chromium-vana- 

dium-tungsten  sled  he/ore  and  after  testing  in  tension  at  1,000°  F.  (-540°  C.) 

by  the  "short-time"  method.     X  -r>00 

.1.  c  /•:.  0,  Initial  condition;  B,  D.  /'.  //.  after  testing.  (See  Tabic  3.)  A,  B,  C,  D,  chromium- 
vanadium  steel.  (Heat  10-518,  lots  A  and  B,  Table  l.)  /•;.  /■',  O,  H,  chromium-vanadium- 
tungsten  Steel.    (Heat   E  3226,  lots  A  and  B,  Table  1.) 
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Figure  15. — Structure  of  chromium-tungsten  steel  (heat  IIF  1-4-),  lots  A 
and  B,  Table  1)  before  and  after  testing  in  tension  at  1,000°  F.  (5J+00  C.) 
by  the  u short-time^  method.     X  500 

A,  C,  initial  condition;  B,  D,  after  testing.    (See  Table  3.) 
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Figure  16.     Structure  of  various  alio;/  steels  before  and  after  listing  in 

tension  at  elevated  temperatures  by  the  "short-time"  test.     X  500 

l,  r,  /•;,  c.  Initial  condition;  h.  n,  F,  if,  after  testing.  (See  Table  3.)  A,  B,  C,  D,  nickol- 
molybdenum  steel  (heal  8  1317,  lois  a  and  B.  Table  I)  tested  at  i,ooo°  F.  (.r>to°  ('.).  /•:,  F, 
chromium-nickel  steel  containing  aluminum  (heat  2457,  Table  n  tested  at  1,200°  F.  (G.r>o°  C). 
0,  ii.  chromium-nickel-tungsteD  steel  (heat  7990,  Table  l)  tested  at  1,500°  F.  (815°  C.) 


Figure  17. — Structure  of  chromium-nickel  alloy  (heat  FS-2,  lots  A  and  B, 

Table  1)   before  and  after  testing  in    tension,  at   1,360°   F.   (785°   C.  . 

X  500 

A,  C,  E,  G,  initial  condition;  B,  D,  F,  II,  after  testing.    (See  Table  3.)    B,  after  "long-time"  or 
creep  test;  335  hours,  load  4,100  lbs./in.2,  total  extension  0.66  per  cent.    IK  after  short-time 

test.    F,  after  creep  test;  335  hours,  load  4,100  lbs./in.2,  total  extension  0.80  per  cent.    //,  after 
short-time  test. 
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Figure    IS. — Structure   of  chromium-nick&rtungsten   alloy    {heat   FS-1, 

lots  A  and  D,   Table  1) ,    before  and  after  testing  in  tension  at  1,360°  F. 

(735°  C).     X  500 

A,  C,  E,  G,  initial  condition;  /?,  D,  F,  IT,  after  testing.  (See  Tabic  3.)  B,  after  "long-time" 
or  creep  tost;  40.r)  hours  with  load  Of  2,400  lhs./in.2,  then  117  hours  with  8,.r>00  lbs./in.2,  total 
elongation  2.6  per  cent.  D,  after  "shoi  t-t inn  "  test.  F,  after  creep  test,  405  hours  with  load 
Of  2,500  lhs./in.2,  then  1 17  hours  with  8,500  lbs./in.2,  total  elongation,  3.4  per  cent.  //,  after 
sohrt-1  Ime  test . 
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on  account  of  the  fact  that  the  alloys  were  strained  below  their  lower 
transformation  temperature.  This  might  be  expected  to  increase 
the  hardness  somewhat,  but  it  was  found  that  in  most  of  the  materials 
represented  by  Figures  13,  14,  and  15  there  was  a  slight  decrease  in 
hardness  after  testing. 

The  medium  alloy  steels  designated  as  10-518,  EE1455,  EE1456, 
and  8/1317  appeared  to  be  mostly  sorbitic  in  structure  (figs.  13,  14, 
and  15)  while  the  high  chromium-tungsten  steel,  HF-1/45,  contained 
grains  of  sorbite  with  a  network  of  troostite  and  some  carbide  con- 
stituent. 

The  high  chromium  steel  E2457  (fig.  16),  showed  slight  agglom- 
eration of  the  cementitic  constituent  during  the  heating  incidental 
to  testing  and  the  high  nickel-chromium  steel,  7990  (fig.  16),  did 
likewise. 

It  is  interesting  to  note  that  the  nickel-chromium  steel  (FS-2) 
containing  about  35  per  cent  nickel,  12  per  cent  chromium  and  0.30 
per  cent  carbon  showed  considerable  agglomeration  of  the  carbide 
constituent  occurred  (fig.  17)  during  both  the  " short-time"  and  the 
"  long-time"  tests.  Before  testing,  these  steels  were  essentially 
austenitic  with  small  isolated  particles  of  the  carbide  constituent. 
After  testing  these  alloys  at  1,360°  F.  (735°  C),  it  was  found  that 
the  lots  in  the  "as  rolled"  state,  and  in  the  " rolled  and  annealed  at 
1,650°  F.  (900°  C.)"  state,  showed  considerable  precipitation  and 
agglomeration  of  the  carbide  constituent. 

In  the  case  of  the  higher  nickel-chromium  steel  (FS-1)  (fig.  18) 
containing  about  57  per  cent  nickel,  10  per  cent  chromium,  3.25  per 
cent  tungsten,  and  0.20  per  cent  carbon,  there  appeared  to  be  no 
marked  change  in  structure  with  respect  to  the  condition  of  the  car- 
bide constituent  after  similar  treatments.  It  must  be  remembered 
that  this  alloy  contains  about  0.10  per  cent  less  carbon  than  FS-2, 
but  it  is  believed  that  the  additional  22  per  cent  nickel,  together  with 
about  3.20  per  cent  tungsten  is  more  likely  to  account  for  its  increased 
stability  as  regards  tempering. 

VII.  SUMMARY 

1.  The  tensile  properties  of  a  number  of  steels  at  a  series  of  dif- 
ferent elevated  temperatures  have  been  determined  by  means  of  the 
" short-time"  test.  The  proportional  limit  was  determined  in  each 
case.  The  steels  used  were  a  plain  carbon  steel,  such  as  is  used  in 
boiler  drums,  and  a  number  of  alloy  steels  which  have  been  considered 
in  industry  for  service  at  high  temperatures.  The  following  were 
included:  chromium-vanadium,  chromium-vanadium-tungsten  (the 
latter  also  with  additions  of  silicon  or  aluminum)  chromium- tungsten, 
nickel-moybdenum,  and  several  austenitic  steels  containing  nickel 
and  chromium  and,  in  some  cases,  tungsten. 

2.  The  addition  of  tungsten,  in  amounts  of  1.5  to  2  per  cent,  to  a 
chromium-vanadium  steel  improves  the  tensile  properties  at  high 
temperatures  very  decidedly.  The  further  addition  oi  silicon  or 
aluminum  does  not  appear  to  result  in  any  marked  improvement. 

3.  According  to  the  short- time  tests  a  marked  increase  in  tensile 
properties  of  a  steel  brought  about  by  heat  treatment  is  maintained 
at  elevated  temperatures  only  so  long  as  the  temperature  of  testing 
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is  kept  well  below  that  used  in  tempering  the  steel  in  the  preliminary 
heat  treatment. 

4.  Both  " short-time"  tests  and  "flow"  tests  were  carried  out  on 
several  of  the  steels  representative  of  the  two  classes — pearlitic  and 
austenitic.  According  to  the  results,  the  "short- time"  test  can  not 
satisfactorily  replace  the  "flow"  test  in  the  evaluation  of  steels  for 
service  involving  loads  at  high  temperatures. 
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